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The spectral response of common optoelectronic photodetectors is restricted by a cutoff wavelength limit lc that is related
to the activation energy (or bandgap) of the semiconductor structure (or material) (D) through the relationship lc 5 hc/D.
This spectral rule dominates device design and intrinsically limits the long-wavelength response of a semiconductor
photodetector. Here, we report a new, long-wavelength photodetection principle based on a hot–cold hole energy transfer
mechanism that overcomes this spectral limit. Hot carriers injected into a semiconductor structure interact with cold
carriers and excite them to higher energy states. This enables a very long-wavelength infrared response. In our
experiments, we observe a response up to 55 mm, which is tunable by varying the degree of hot-hole injection, for a
GaAs/AlGaAs sample with D 5 0.32 eV (equivalent to 3.9 mm in wavelength).

R
ecently, there has been increasing interest in using hot-carrier-
driven effects for photodetection1–4. Historically, the investi-
gation of hot-carrier dynamics5–7 has underpinned a broad

range of studies into fundamental semiconductor physics and
device design. Hot carriers, injected electrically or optically, typically
relax through interactions with lattice vibrations, cold carriers and
impurities. Of these processes, inelastic scattering with the lattice
constitutes the major cooling path, and is predominantly
accompanied by emission of optical phonons8–10. The excess ener-
gies of the hot carriers are thus ultimately converted into heat,
which degrades the energy efficiency of devices. With sufficiently
high energy above a threshold, hot carriers can initiate a carrier mul-
tiplication process11,12. This effect has been used for devices such as
avalanche photodiodes to enhance optical gain13. Hot-carrier effects
have also been used extensively for photodetection1–4. The principle
is based on the transport of hot carriers under a built-in electric
field1, or a hot-carrier-induced temperature variation that either
gives rise to a thermoelectric current2,3 or alters the resistance of
the device4. Despite these studies, however, the interaction
between hot and cold carriers (and the use of this interaction to
realize novel device designs) has received little attention. The signifi-
cance of this approach is that it allows hot-carrier effects to be used
to design devices that operate principally based on cold carriers,
enabling traditional semiconductor bandstructure engineering
technology to be used.

Here, we report a new concept for photodetection based on a
hot–cold hole energy transfer mechanism. This enables a dramatic
spectral extension, surpassing the standard limit set by the spectral
rule lc¼ hc/D (ref. 14), where lc is the maximum wavelength limit
and D is the activation energy of the optical transition during oper-
ation. This spectral extension is interpreted to be a result of energy
transfer from injected hot holes to the cold holes in the absorber.
The cold holes are therefore excited into higher energy states and
are capable of responding to longer-wavelength infrared radiation
than would be possible without the hot-hole injection. This idea
also enables lc and D to be optimized individually in order to
achieve targeted wavelengths for detection while simultaneously
minimizing the detector noise and dark current. Moreover, as the

hot carriers divert their energy to cold carriers rather than heating
up the lattice, improvement in the energy efficiency of devices
is expected.

Device structure and characterization
Semiconductor heterostructures based on p-type GaAs/AlxGa1–xAs
were used to demonstrate this discovery. As shown in Fig. 1a, they
consist of three p-type GaAs regions ( p¼ 1 × 1019 cm23), that is,
an injector, absorber and collector (see Methods), for which the
valence-band alignment is schematically plotted in Fig. 1b (equili-
brium) and 1c (negative bias). The injector provides a hot-hole
reservoir upon photo-excitation. Holes surmounting the barrier
are ‘hot’ because of their excess energies relative to the band-edge
of the absorber12.

The photoresponse shown in Fig. 1d was measured at 5.3 K (for
details of the device structure, fabrication and characterization, see
Methods and Supplementary Sections I and II). The most striking
fact is that a very long-wavelength infrared (VLWIR) response is
seen up to 55 mm, while the conventional limit is only 3.9 mm
(shaded region) according to the internal workfunction (that is,
D)15 of the absorber/constant barrier junction (D¼ 0.32 eV, see
Supplementary Section II). The agreement between lc and D in
terms of lc ¼ hc/D is typically found to be good in a variety of
detectors16,17 and has been used as a guide to tune spectral response
by varying D (ref. 18) and to determine band offsets15. However,
there is clearly no agreement for the observed VLWIR response
in this case.

In general, the observed VLWIR response could be due to a bolo-
metric effect4 or an impurity-band/free-hole carrier16,18 based
response. Possible optical transitions contributing to photon
absorption by the p-type GaAs absorber in the infrared range
include the impurity-band to valence-band transition19 and
intra-/intervalence band transitions20, both of which are free-
carrier-type effects. Increasing the doping concentration shifts the
absorption peak and broadens the absorption width as a result of
enhanced carrier scatterings and the shifting/increasing Fermi-
level/free-carrier plasma frequency, respectively20,21. The absorber,
however, has a major effect on the bolometric response and
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impurity-band absorption. By measuring a control sample
(LH1002) containing the same GaAs absorber as samples
SP1005–1007 (SP1005–1007 display a VLWIR response; Fig. 1e),
we can exclude these two mechanisms as a cause of the VLWIR
response. LH1002 responds as expected, in accordance with the
lc¼ hc/D rule. Comparison of LH1002 (with a symmetric flat-
barrier configuration; see Methods) with SP1005–1007 (asymmetric
band alignment) shows that the VLWIR response is critically depen-
dent on the structure details. Furthermore, the bolometric response,
which is proportional to the temperature variation of the absorber
upon photon absorption and the corresponding resistance change,
increases monotonically with increasing bias. This effect contrasts
with the strongly non-monotonically bias-dependent VLWIR
response, as shown in the calculated spectral weight (SW)
(Fig. 2a,b), which is defined as

SW/
∫lmax

lmin

R(l)dl (1)

where R(l) is the spectral responsivity. The VLWIR response
reaches a maximum at about –0.1 V. For these reasons, a bolometric
effect cannot be considered to be contributing to the VLWIR
response. Also, the impurity-band to valence-band optical
transition can barely have any influence on the response, as
the impurity band is actually merged with the valence band15,19 at
p¼ 1 × 1019 cm23. Another possible doping-related effect is
dopant-correlated potential fluctuations and the relevant tailing
states at the band-edge; however, absorbing photons with energies

as high as the value of D are required to excite holes in these
band tailing states and allow them to escape over the barrier.
Instead, here, we discuss a two-phase hot-hole mechanism to
explain the VLWIR response: hot–cold hole energy transfer and
the response of high-energy cold holes to the VLWIR radiation.
The dominant absorbing mechanism will then be based on the
intraband free-hole absorption15. It should be noted that the free-
carrier-based VLWIR response in this work differs markedly from
the previous reported free-carrier response (see, for example,
ref. 17) in which a small value of D is required.

Hot–cold carrier interactions
The short-wavelength portion of light from a Fourier-transform
infrared (FTIR) spectrometer (its power spectrum is shown in
Fig. 1e), or more generally from an external optical excitation
source (denoted the ‘pump’), is essential to generate photoexcited
hot holes and establish the VLWIR response. The pump-excited
holes with energies higher than all of the barriers can be described
by a three-dimensional drift model22:

Ipump
ph = e · v(F)

∫+1

D

N(e) de (2)

where Ipump
ph is the pump current and N(e) is the concentration of

holes with energy e (ref. 23). The electric field F is evaluated
across the barrier regions. The drift velocity v(F) is associated
with an empirical fitting parameter—the mobility22—which is
dependent on both the doped GaAs absorber and undoped
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Figure 1 | Sample structure and the VLWIR response at 5.3 K. a, Schematic of the p-type GaAs/AlxGa1–xAs structures. b, Calculated equilibrium valence-

band alignment, with and without image-force barrier lowering15 (thick grey and dashed blue lines, respectively). c, Schematic valence-band diagrams

(including band bending) under negative bias (positive polarity applied on the injector), with a comparison of hole photoexcitation and emission without

(top) and with (bottom) hot–cold hole energy transfer. d, Photoresponse at 5.3 K. The dashed line is the escape-cone model fit. Marked features are

associated with GaAs- and AlAs-like phonons. e, Comparison of the response for samples SP1005–1007 and LH1002 at 5.3 K. The optical power spectrum

of the FTIR spectrometer used in the experiment (incident on a sample with active area of 260 × 260 mm2) is also shown.
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AlGaAs barrier. Despite its simplicity, equation (2) accounts for the
current–voltage characteristics reasonably well in most devices22.
Taking the derivative of Ipump

ph with respect to F gives

dIpump
ph

dF
= e · dv(F)

dF

∫+1

D

N(e) de− e · v(F) dD
dF

· N(D) (3)

where dD/dF is mainly determined by the image-force barrier low-
ering15 and tilting of the graded barrier by the applied bias. In the
high-field region, the first term of equation (3) vanishes because
v(F) approaches a constant saturation velocity. The energy distri-
bution of holes is thus proportional to the differential
Ipump

ph , which consists of photocarriers with different energies. Ipump
ph

can be evaluated by using equation (2) or directly measured in exper-
iments. As shown in Fig. 2c (top panel), the differential SW displays
three distribution peaks at 20.12, 20.40 and 0.10 V, which were
confirmed by photocurrent–voltage characteristics measured using
different optical excitation sources (bottom panel of Fig. 2c). In
terms of hot-carrier spectroscopy23,24, the occurrence of distribution
peaks is a sign of a hot–cold carrier interaction, which leads to the
excitation of cold carriers into higher energy states. Studies25 have
shown that under a low applied bias the electric field is non-uni-
formly distributed, mainly across the graded barrier region. With
increasing negative bias, the graded barrier is tilted towards a hori-
zontal shape (Fig. 1c). An increase in the injection of hot holes and
enhanced hot–cold interactions are then expected, which conse-
quently lead to an increase in cold holes occupying higher energy
states. This explains the distribution peak at 20.12 V. When the
bias is increased further, the electric field is distributed uniformly
throughout the structure25. The lowering of the constant barrier
by the image-force effect15 will facilitate the escape of higher-
energy cold holes over the barrier, which leads to another
distribution peak at higher negative bias (20.40 V).

The dynamics of the hot–cold hole interaction is also supported
by studies using picosecond infrared spectroscopy26,27. It has been
shown that carrier–phonon coupling plays an important role in
intervalence-band transitions28. Photoexcited holes in the light-
hole band or spin–orbit split-off band initially relax, mainly
through the emission of optical phonons and typically within a sub-
picosecond timescale. The subsequent relaxation proceeds through
the dominant hole–hole scattering mechanism, which causes a
redistribution of energies among the hot and cold holes5. As a con-
sequence, they reach a thermalized state at much higher energies
compared to their original states. Further relaxation then typically
takes relatively long times (tens of picoseconds)26,27. These ‘hot’
holes are thus able to be excited by absorbing VLWIR photons,
and escape over the barriers, contributing to the photocurrent.
This mechanism is believed to be the main cause of the VLWIR
response. To verify such a photoresponse picture we use an
escape-cone model29 (Supplementary Section II) to simulate the
response spectra. In this model, free-carrier absorption described
by Drude theory20 is used to produce the general spectral profile.
The threshold energy, which is a fitting parameter in the simulation,
determines the long-wavelength end of the response. Using a value
of 0.012 eV, the modelled response is in general agreement with the
experiment as shown in Fig. 1d. However, a sharp peak appears at
25.3 mm (or 395 cm21), which becomes stronger as the bias is
increased (Supplementary Section II). Another peak at 35.6 mm
(or 281 cm21) also appears at 20.08 V, and sharply increases
with negative bias. It was found that these two peaks are close to
the two plasmon–phonon coupling modes calculated for the equili-
brium (Supplementary Section II), that is, 23 and 42 mm (or 430
and 236 cm21) for a doping concentration of p¼ 1 × 1019 cm23.
The injection of hot holes is expected to disturb the distribution
of cold holes by exciting some of the cold holes up to higher
energy states, which should affect the coupling, as it is different
from the equilibrium. Despite this hot-hole effect, comparison
between the two sharp response peaks and the coupling modes
shows the important role of phonon–plasmon coupling in modify-
ing the response. In addition to this, the general spectral profile
of the VLWIR response agrees with the escape-cone model. In
particular, features associated with GaAs- and AlAs-like phonons
are well explained.
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photocurrents. a, Variation of SW (sample SP1007) with bias and lmin,

calculated using equation (1) with lmax¼ 55mm. b, Bias-dependent SW.

Values used for lmax determine SWtot and SWpump. SWtot corresponds to

all of the holes being collected. SWpump is calculated using lmax¼ 2.95 mm

(that is, 0.42 eV, the maximum of the graded barrier). SWtot displays

two maxima compared to SWpump, due to the bias-dependent VLWIR

response. c, Differential SWpump (proportional to Ipump
ph ) (top) and

differential photocurrents measured using different optical excitation

sources (bottom).
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It may be noted that observing a positive-bias hole distribution
peak (at 0.10 V, Fig. 2c) is uncommon. A possible reason for this
is the nonlinear increase of photocurrent with bias due to asym-
metric band alignment. Nevertheless, the negative-bias condition
leads to the optimum VLWIR response, which is much stronger
than that under positive bias, consistent with observations from
hot-carrier spectroscopy23,24,30.

Hot-hole-induced photoresponse and its tailorability
The proposed mechanism for the hot-hole response implies a need
for the injection of hot holes to trigger the VLWIR response. This
can be achieved through electrical and/or optical approaches. In
the electrical approach, to obtain a non-trivial current passing
through the graded barrier, a bias is required that is substantially
higher than that at which hole distribution peaks are observed.
Under such a high bias, the VLWIR response is no longer
present. An optimized solution is to separate the injection of hot
holes23,24 and the collection of photoexcited holes by altering the
device structure. Here, we show the optical approach. The advantage
of this is that it provides a convenient control of hot-hole injection
by varying the optical intensity. Figure 3a presents a schematic of

the experimental apparatus. A cut-on wavelength (lCO) is selected,
and a long-pass filter is used to block high-energy photons from the
FTIR spectrometer from being incident onto the sample. Figure 3b–d
maps the SW, which is measured using filters with different lCO (the
GaAs beam splitter and optical excitation source are not used in this
case). Increasing lCO reduces the energies of the injected hot holes,
thus reducing the VLWIR response. The use of lCO¼ 4.5 mm
(Fig. 3d) fully suppresses the VLWIR response because of the
absence of hot holes in the absorber. However, as shown in
Fig. 3e, the VLWIR response can be recovered by utilizing an
optical excitation source that induces hot-hole injection. These
results are in good agreement with the hot–cold hole energy
transfer mechanism.

To show the tunability of the VLWIR response, we carried out a
further detailed set of measurements using the optical excitation
source (Fig. 3a). A lCO¼ 4.5 mm long-pass filter is used throughout
so that light from the FTIR spectrometer solely acts as a probe to
detect the spectral response. Maps of SW at different excitation
levels are shown in Fig. 4a, and Fig. 4b shows the excitation
power spectra, which were tailored by a short-pass filter (quartz
glass, up to �4.8 mm). The variation of the VLWIR response (at
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20.1 V) with excitation power is plotted in Fig. 4c,d, showing fea-
tures associated with the cut-on wavelength of the filter and the
2 × TO(X) phonons of the GaAs beam splitter31. These results
demonstrate the dominant dependence of the VLWIR response
on excitation intensity. By increasing the excitation intensity, one
may expect to tune the energies of cold holes and thus reduce the
threshold energy of the VLWIR response from 0.32 eV (the original
value of cold holes) to 0 eV. However, such a characteristic was not
identified experimentally. We also tried very weak excitation, which
leads to a weak VLWIR response, but its threshold stays nearly the
same. This leads us to conclude that the dominant hot–cold hole
interaction and the energy transfer process take place through
single hole–hole scattering events, rather than multiple scattering.
This leads to cold holes being excited into states with nearly the
same energies, regardless of the intensity of the pump light incident
onto the sample; this process is independent of their original states
and the absorber thickness. Notice that samples SP1005–1007 have
similar spectral shapes (Fig. 1e). This also accounts for why the

strength of the VLWIR response, instead of its threshold, varies
with excitation level.

In view of the lack of VLWIR response in a symmetric flat-barrier
sample (LH1002), the barrier offset between the two barriers (lying
above and below the absorber) plays an important role in triggering
the VLWIR response (Supplementary Section II). Such an offset
causes the energies of holes to be higher on the injection side
than on the collection side (Fig. 1c)12. The threshold energy
(0.012 eV) obtained from the escape-cone model simulation indi-
cates that cold holes remain very close to the band-edge of the
barrier. This can be understood in terms of energy transfer
through single hole–hole scattering. To obtain a response at a
photon energy of 0.012 eV, the energy passed from a hot hole to a
cold hole is �0.27 eV (to excite a cold hole near the Fermi level),
which is less than the total excess energy of the hot hole
(�0.38 eV relative to the Fermi level). Notice that this result
allows us to exclude band filling effects as a cause of the VLWIR
response, as a large number of holes would be needed to fill up
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energy states spanning an energy range of 0.27 eV, which is imposs-
ible under our experimental conditions. Also, because a higher
capture probability is expected in the flat-barrier structure than in
the graded-barrier structure, a band filling effect would be expected
to lead to a higher VLWIR response in sample LH1002, which is the
opposite of our observations. A small value of threshold energy (for
example 0.012 eV, as simulated) will facilitate operation at a low bias
and suppress the current component associated with hot holes—the
hot-hole current increase with bias can overwhelm the photocurrent
(induced by the VLWIR radiation) at higher biases.

The responsivity of our samples is of the order of 10 mA W21,
which is relatively low compared to reported detectors17. The use
of a single-emitter structure with relatively low absorption is one
of the reasons. Also, the bulk semiconductor-based absorber leads
to a fast carrier lifetime (for example, �0.1 ps for p¼ 1 ×
1019 cm23). By using structures such as quantum dots, an increase
in the lifetime by a factor of 104–108 is possible32. Despite the low
responsivity, an advantage of our results is the negligible dark
current because of the high activation energy (0.32 eV), even
though a VLWIR response is obtained. This offers the possibility
of incorporating a long-wavelength response into a short-wave-
length detector. In fact, the noise current is far below the experimen-
tal sensitivity (�1 × 1015 A Hz21/2). Using this limit, a conservative
estimate of the specific detectivity is �1 × 109cm Hz1/2 W21 (using
the highest responsivity of up to 69 mA W21; Supplementary
Section II). In addition to the 5.3 K operation, we also measured
the VLWIR response up to 30 K, showing the possibility of
higher-temperature operation (Supplementary Section II).
Optimized quantum structures may lead to improvements in the
responsivity as well as the operating temperature.

The use of an external optical excitation source provides an opti-
mized solution for realizing a VLWIR detector, for example, by inte-
grating a VLWIR detector and a light-emitting diode (LED). The
resultant device will be compact, and can be monolithically grown
by traditional growth methods. The device scheme is similar to
the reported upconverter33 (Fig. 4e), where the output of a photode-
tector upon absorbing infrared radiation drives an LED to emit
visible light. In contrast to this, the hot-carrier detector utilizes
emission from the LED to initiate the injection of hot carriers and
trigger the VLWIR response, in analogy to the experiment shown
in Fig. 4a–d. Despite a more ‘compact’ realization being possible,
we note that we have demonstrated the discovery of a new
hot-hole principle, which is capable of surpassing the conventional
spectral limit of current optoelectronic devices.

Conclusions
Our findings open up many possibilities for new applications based
on traditional semiconductor technologies, such as the well-estab-
lished III–V semiconductor epitaxy and process technology.
Normally, applications of semiconductors are confined to specific
wavelength ranges in accordance with their bandgaps34. With the
additional degree of freedom enabled by tuning the energies of
cold carriers, it is now possible for a particular material to
respond beyond its standard spectral limit. In addition to photode-
tection, the hot-carrier concept can be applied to photovoltaic
devices, which, in addition to their original absorption band, will
have wavelength-extended absorbing capabilities, with a tunability
controlled by varying the degree of hot-hole injection in order to
meet the demands of specific applications. Moreover, the hot-
carrier effect is expected to improve the energy efficiency of photo-
detectors and photovoltaics, because the energies of hot carriers are
diverted from heating the lattice to heating cold carriers.

Methods
Device structure. The active regions of samples SP1005–1007 consist of (from top to
bottom) a 400-nm-thick undoped Al0.57Ga0.43As constant barrier, a p-type GaAs
layer (absorber) ( p¼ 1 × 1019 cm23) and an 80-nm-thick AlxGa1–xAs graded

barrier with x linearly varying from 0.75 (top) to 0.45 (bottom). The thicknesses of
the p-type GaAs absorbers are 20 nm, 50 nm and 80 nm for SP1005, 1006 and
1007, respectively. The absorber of sample LH1002 comprises 18.8-nm-thick p-type
( p¼ 1 × 1019cm23) GaAs, which is placed between AlxGa1–xAs barriers with
the same Al fraction (x¼ 0.57) and thickness (60 nm). All active regions are
sandwiched between two p-type ( p¼ 1 × 1019cm23) GaAs ohmic contact layers.
The activation energy (D) is associated with the p-type GaAs/AlxGa1–xAs junction,
defined as the energy difference between the Fermi level of p-type GaAs and the
AlxGa1–xAs barrier (valence-band edge). It is calculated to be 0.25 eV, 0.32 eV
and 0.42 eV for barriers with Al fractions of 0.45, 0.57 and 0.75, respectively, by
taking into account band offsets at the heterointerface and doping-induced
bandgap narrowing.

Fabrication. Detectors were processed by wet etching to produce square mesas,
followed by evaporation of Ti/Pt/Au ohmic contacts onto the top and bottom p-type
GaAs contact layers. A top ring contact with a window opened in the centre was
fabricated to allow front-side illumination. The experiments were carried out on
400 × 400 mm2 mesas with an open area of 260 × 260 mm2.

Characterization. The dark current–voltage–temperature characteristics were
measured by mounting the sample in a variable-temperature cryostat, and using a
Keithley 2400 source meter and a computer-controlled Keithley switch system to
select different mesas. For photoresponse measurements, samples were mounted in a
liquid-helium dewar, and measured by using a Perkin-Elmer system 2000 FTIR
spectrometer. The sample acted as a custom detector in place of the built-in detector
of the spectrometer. The photovoltage signal from the sample upon light
illumination was amplified by a low-noise preamplifier (Stanford Research Systems
SR560) and fed into the spectrometer. The spectral range of the photoresponse
covers a broad wavelength range from 1.5 to 55 mm, which falls into two
working ranges of the beam splitters for the FTIR spectrometer; KBr and 6 mm
Mylar beam splitters were used to measure the wavelength ranges of 1.5–23 mm
and 23–55 mm, respectively.
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